The formation of the highly organized cortical structure depends on the production and correct placement of the appropriate number and types of neurons. The Zic family of zinc-finger transcription factors plays essential roles in regulating the proliferation and differentiation of neuronal progenitors in the medial forebrain and the cerebellum. Examination of the expression of Zic genes demonstrated that Zic1, Zic2, and Zic3 were expressed by the progenitor cells in the septum and cortical hem, the sites of generation of the Cajal-Retzius (CR) cells. Immunohistochemical studies have revealed that Zic proteins were abundantly expressed in the meningeal cells and that the majority of the CR cells distributed in the medial and dorsal cortex also expressed Zic proteins in the mid-late embryonic and postnatal cortical marginal zones. During embryonic cortical development, Zic1/Zic3 double-mutant and hypomorphic Zic2 mutant mice showed a reduction in the number of CR cells in the rostral cortex, whereas the cell number remained unaffected in the caudal cortex. These mutants also showed mislocalization of the CR cells and cortical lamination defects, resembling the changes noted in type II (cobblestone) lissencephaly, throughout the brain. In the Zic1/3 mutant, reduced proliferation of the meningeal cells was observed before the thinner and disrupted organization of the pial basement membrane (BM) with reduced expression of the BM components and the meningeal cellderived secretory factor. These defects correlated with the changes in the end feet morphology of the radial glial cells. These findings indicate that the Zic genes play critical roles in cortical development through regulating the proliferation of meningeal cells and the pial BM assembly.
Introduction
Mammalian cortical development proceeds in a highly orchestrated manner in which neurons migrate along radial glial fibers toward the surface of the brain to form a multilayered "insideout" cortex. Cajal-Retzius (CR) cells, a subpopulation of earlyborn preplate neurons, play critical roles in this migration process (D'Arcangelo et al., 1995; Ogawa et al., 1995) . Recent studies have revealed several focal sources of CR cells in mice: the cortical hem, the pallial-subpallial boundary (PSB), and the septum. From these foci, CR cells migrate tangentially to populate the cortical marginal zone (MZ) (Meyer et al., 2002; Shinozaki et al., 2002; Takiguchi-Hayashi et al., 2004; Bielle et al., 2005; García-Moreno et al., 2007) in which they regulate radial migration of late-born neurons via secretion of the extracellular protein reelin (Frotscher, 1998; Rice and Curran, 2001; Tissir and Goffinet, 2003) .
In the radial migration process of the cortical neurons, spindle-shaped radial glial cells with their somata in the ventricular zone (VZ) extend long radial processes throughout the wall of the cortical plate (CP), being attached via their end feet to the basement membrane (BM). The radial processes serve as guiding structures for the neurons to migrate from their place of birth in the VZ or subventricular zone (SVZ) toward their final position in the CP (Rakic, 2003) . The pial BM also plays an important role in cortical development, as indicated by the abnormal brain development observed after chemical ablation of the meningeal cells (Super et al., 1997) and after targeted deletion of BM constituents such as laminin and perlecan and of the receptors for the BM proteins. Disruption of the BM is known to cause type II (cobblestone) lissencephaly, characterized by cortical neurons protruding into the subarachnoid space (Graus-Porta et al., 2001; Halfter et al., 2002; Beggs et al., 2003; Niewmierzycka et al., 2005) .
Some recent reports have drawn our attention to the relationship between corticogenesis and the Zic family of zinc-finger transcription factors (for review, see Aruga, 2004) . It has been reported that Zic1, Zic2, and Zic3 play essential roles in medial forebrain development (Nagai et al., 2000; Inoue et al., 2007a) . Mice homozygous for the Zic2 hypomorphic allele (Zic2 kd/kd) are reported to show holoprosencephaly (Nagai et al., 2000) , which is analogous to the abnormality caused by human ZIC2 mutations (Brown et al., 1998) . The Zic genes are expressed in the progenitors of the septum and cortical hem, and these two major sources of CR cells have been shown to be defective in the Zic2 and Zic1/3 mutant mice (Inoue et al., 2007a) . Furthermore, we found that the Zic2 and Zic1/3 mutants possess altered cortical layer structures that have not yet been fully investigated.
In this study, we demonstrated that both meningeal cells and CR cells show expression of the Zic genes. Zic mutants showed reduced numbers of CR cells in the rostral cortex, with human type II lissencephaly-like cortical lamination defects, with disturbed migration of neurons, breakdown of the BM, and disorganization of the radial glial processes. Molecular and cellular analyses have revealed that the Zic genes play crucial roles in the proliferation of meningeal cells, which provide essential molecular cues for normal cortical development.
Materials and Methods
Animals. All animal experiments were performed in accordance with the RIKEN guidelines for animal experiments. Every effort was made to minimize the number of animals used. Animals were maintained by the Research Resource Center, RIKEN Brain Science Institute. Embryonic day 0.5 (E0.5) was defined as the noon after the morning on which vaginal plugs were first observed.
C57BL/6J and BALB/c mice were purchased from Nihon SLC (Shizuoka, Japan). Mutant mice for Zic1 and Zic2 have been described previously (Aruga et al., 1998; Nagai et al., 2000) and were kept in a C57BL/6J background. Bent tail (Bn, Zic3 Bn ) mice were originally purchased from The Jackson Laboratory (Bar Harbor, ME). The spontaneous mutation, Bn, revealed to be a deletion of the X chromosome including Zic3 (Carrel et al., 2000; Klootwijk et al., 2000) were used for generating compound mutant mice lacking both Zic1 and Zic3 (Inoue et al., 2007a) . The phenotypes of the Bn mice are very similar to those of the Zic3-deficient mice generated by a targeted mutation (Purandare et al., 2002; Aruga et al., 2004) . Double-heterozygous females for Zic1 and Zic3 (Zic1 ϩ/Ϫ Zic3 Bn/ϩ) and males (Zic1 ϩ/Ϫ Zic3 Bn/Y ) were maintained on a C57BL/6J or mixed C57BL/6J ϫ BALB/c background. Mating between (Zic1 ϩ/Ϫ Zic3 Bn/ϩ) females and (Zic1 ϩ/Ϫ Zic3 Bn/Y ) males generated compound mice (Zic1/3) lacking both Zic1 and Zic3 [males (Zic1
Zic3 Bn/Y ) and females (Zic1 Ϫ/Ϫ Zic3 Bn/Bn)]. Both C57BL/6J and BALB/c Bn mice were used for the initial characterization of the external appearance and histological abnormalities. Because there were no clear differences in the phenotype of the meninges or the CR cells in the compound mutant mice (data not shown), additional analyses of the Zic1/3 compound mice were performed in a mixed C57BL/6J ϫ BALB/c background. Besides the Zic2 kd/kd and Zic1/3 mice, Zic1
, Bn/Bn, and wild-type littermates were analyzed for characterization of the CR cell distribution, cortical layer, and meningeal phenotypes. There were no clear differences of the phenotypes among these genotypes. Zic1, Zic2, and Zic3 mutant alleles were genotyped according to the methods of Aruga et al. (1998) , Nagai et al. (2000) , and Franke et al. (2003) , respectively. Reeler-Orleans (Reln rl-Orl ) mice were obtained from The Jackson Laboratory and were studied at E15 and E18. The Reln rl-Orl allele produces a C-terminally truncated protein that is not secreted but can be detected using anti-reelin antibody G10 (de Bergeyck et al., 1997) .
In situ hybridization. For histological examination, the tissues were fixed in either Bouin's solution or 4% paraformaldehyde. After fixation, the tissues were dehydrated through a graded series of alcohols, embedded in paraffin, sectioned at a thickness of 8 -10 m, and stained with cresyl violet. In situ hybridization was performed using digoxygenin (DIG)-labeled RNA probes, as described previously (Nagai et al., 1997) . RNA probes for GAD67, Reelin, Zic1, Zic2, and Zic3 have been described previously (Nagai et al., 1997; Inoue et al., 2007a,b) . Probes for Calretinin, Cxcl12, Cxcr4, Dbx1, ER81, Fezl, Foxc1, Math2, Nid-1, p73, Ror␤, SCIP, SolLA, and Tbr1 were generated by reverse transcription (RT)-PCR. The sequences of the primers will be provided on request. Hybridization signals were detected with alkaline phosphatase-conjugated anti-DIG Fab fragments (Roche, Welwyn Garden City, UK), followed by color development with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Roche).
Immunofluorescence staining. Immunofluorescence staining was performed as described previously (Aruga et al., 1998; Inoue et al., 2007a) . Cryosections at 10 -14 m thickness were subjected to analysis. The sections were washed three times with PBS and preincubated for 30 min in PBS containing 5% normal goat serum and 0.1% Triton X-100 and then incubated overnight at 4°C in 1% normal goat serum and 0.1% Triton X-100 containing the primary antibodies. The primary antibodies were as follows: mouse anti-bromodeoxyuridine (BrdU) (Beckton Dickinson, Mountain View, CA), rat anti-BrdU (Abcam, Cambridge, UK), goat anti-Calretinin (Millipore, Billerica, MA), mouse anti-Collagen IV (Millipore), rabbit anti-laminin (Engelbreth-Holm-Swarm) (Sigma, St. Louis, MO), mouse anti-nestin (PharMingen, San Diego, CA), rabbit anti-phosphohistone H3 (Millipore), mouse anti-p73 (clone ER-15; Thermo Fisher Scientific, Waltham, MA,), mouse anti-ROR common (clone H3925; Perseus Proteomics, Tokyo, Japan), rabbit anti-Tbr1 (Millipore), mouse anti-reelin (clone G10; Millipore), and rabbit antipan-Zic (Inoue et al., 2007a,b) . For the double-immunofluorescence detection of Zic with reelin or p73, frozen sections were immersed in 0.01 M citrate buffer, pH 6.0, and autoclaved at 105°C for 5 min to enable antigen retrieval. To detect these antibodies, cyanine 3-labeled (Jackson ImmunoResearch, West Grove, PA) or Alexa488-or Alexa594-labeled (Invitrogen, Carlsbad, CA) secondary antibodies were used. Fluorescence-labeled preparations were imaged under an Olympus (Tokyo, Japan) Fluoview FV300 confocal microscope or a Carl Zeiss (Jena, Germany) Axioskop2 plus microscope equipped with an AxioCam color CCD camera. All images were analyzed with Adobe Photoshop CS software (Adobe Systems, San Jose, CA). The number of p73-positive (p73 ϩ ) CR cells at E16.5, postnatal day 0 (P0), and P6 was quantified by counting p73-immunoreactive nuclei in the cortical MZ/layer I of coronal sections of the rostral to the caudal forebrain, and Zic-positive nuclei were scored by capturing confocal digital images, assembling composite images spanning the entire cortical MZs. The organization of the cortical layer was examined by Tbr1 and Ror immunostaining in the E18.5 coronal sections (9 and 12 sections derived from three control and three Zic1/3 mutant embryos, respectively). Immunoreactive neurons were captured in the digital images. The grid overlay width was set 150 m, and the cortical length was divided into five equal bins, with specific bin length proportional to cortical thickness of the sample. Numerical order of the bins corresponds to position of the cortical layers, with bin 1 defined as the most superficial layer and bin 5 as the deeper layer. The numbers of immunoreactive neurons were counted as numbers in 150-m-wide windows of the coronal brain sections at E18.5.
Bromodeoxyuridine labeling. For birthdating analysis to determine the distributions of the cells labeled with 50 mg/kg BrdU (Roche) in the neocortical wall of E18.5 mice, BrdU was injected intraperitoneally into pregnant mice at E13.5. The detection of BrdU was performed as described previously (Aruga et al., 1998) . For the quantification, parasagittal sections at the level of the accessory olfactory bulb were used. At this level, 500-m-wide radial stripes in the medial portions were divided into ϳ40-m-deep bins (12 horizontal bins both in wild-type and mutant cortex), and the position of each strongly and weakly labeled cell was assigned to a bin to generate histograms of the number of labeled cells against depth. Data from five sections from each of the wild-type (n ϭ 4) and Zic1/3 mutant (n ϭ 3) littermates were averaged to prepare the histograms. For examination of the cell proliferation in the meninges, pregnant female mice were injected intraperitoneally with BrdU (50 mg/ kg) and killed 1 h later. At least three embryos for each genotype were analyzed at the indicated stages. BrdU-positive nuclei were counted only if they contained strong immunoreactivity and were localized in the meningeal layer directly attached to the telencephalon in coronal sections. We counted the number of BrdU-labeled cells in the meningeal layer from the dorsal interhemispheric fissure either to the level of the ventral tip of the fimbria in the caudal telencephalon or to the level of the PSB in the rostral telencephalon.
RNA extraction and RT-PCR.
Meningeal cell sheets were peeled off from the brain surface with fine forceps, and their RNAs were isolated using TRIzol reagent (Invitrogen). After DNaseI treatment, reverse transcription was performed with Superscript II reverse transcriptase (Invitrogen). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH ) was detected to monitor RNA recovery. For quantification of the transcripts, semiquantitative RT-PCRs were performed after confirming that they were in the log-linear phase of the amplification curve at the indicated cycles. The PCR cycles, annealing temperature, and primer sequences were as follows: GAPDH, 25 cycles, 60°C, 5Ј-TCAAGATTGTCAGCA-ATGCATCCTG-3Ј and 5Ј-GCAGGAGACA-ACCTGGTCCT-3Ј; Cxcl12, 27 cycles, 61°C, 5Ј-GCTAAGGTTTGCCAGCATAAAGACAC-3Ј and 5Ј-GATAAAGGAGCCTCCCTCTGCC-3Ј; Foxc1, 28 cycles, 60°C, 5Ј-ACATGTTCGAGAACGGC-AGCTTC-3Ј and 5Ј-GCTCTGGCCCGGAGAGT-AGG-3Ј; Laminin ␥1, 25 cycles, 60°C, 5Ј-TGTGA-GAACACGTACTCAAAGGCTAAC-3Ј and 5Ј-GC-ACTTTTCACAGTCAACTCCGTATG-3Ј; Nid-1, 28 cycles, 62°C, 5Ј-CTCAGACTGGAAAGATTG-AACGCCT-3Ј and 5Ј-CTGTGCGAGAATCCTC-CGGTT-3Ј; Perlecan, 28 cycles, 60°C, 5Ј-CCCC-TCCACCCTGTGAGCCTAA-3Ј and 5Ј-CCGAAC-ACCATGCCACGCGA-3Ј.
Culture and immunostaining of primary meningeal fibroblasts. Meningeal fibroblasts were isolated from wild-type, Zic1 Ϫ/Ϫ , Zic3 Bn/Y, and Zic1/3 mutant embryonic cortex at E14.5. For the cell culture experiments, meningeal cell sheets were collected in HBSS supplemented with 6.5% glucose (Invitrogen). Meningeal cells were further dissociated by incubation in a solution containing 0.05% trypsin and 0.5 mg/ml collagenase and, after additional trituration, were seeded into dishes containing DMEM supplemented with 10% fetal bovine serum as described previously (Hartmann et al., 1998) . The meningeal fibroblasts were cultured on glass coverslips coated with 1.0 mg/ml poly-D-lysine (Sigma) for up to 4 d before fixation in 4% paraformaldehyde for immunofluorescence staining. Glial contamination was undetectable in these cultures by immunofluorescence staining using anti-GFAP and anti-CD45 antibodies (data not shown). Double staining of the fibroblasts was performed by sequential incubation with anti-laminin antibody, Alexa488-labeled secondary antibody, and phalloidin-conjugated Alexa594 (Invitrogen).
Results
During corticogenesis, the meningeal cells and Cajal-Retzius cells in the cortical MZ expressed the Zic genes To determine the roles of the Zic genes in cortical development, we first examined the distribution of the mRNAs and proteins from the preplate stage (E12) up to postnatal development (P6) (Figs. 1-3 ) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). During this period, Zic1, Zic2, and Zic3 mRNAs were expressed by the cells in the neural retina and medial neural tissues, such as the thalamus, preoptic area, septum, and cortical hem ( Fig. 1 A-C) ; abundant expression was not seen in the large portion of the cerebral cortex, which showed only very weak expression of Zic2 in the cortical VZ/SVZ (Fig. 1 B, arrowheads) (Inoue et al., 2007a) . Significant expression of the Zic genes was also detected in the marginal areas around the brain, in which Zic1 and Zic2 expression was stronger than that of Zic3 (Fig.  1 A-C, asterisks) . Examination at higher magnification at E16.5 revealed that the expression of Zic1, Zic2, and Zic3 in the marginal , and Zic3 (C) mRNAs in coronal sections of the head at E14.5. Zic genes are abundantly expressed in the medial neural tissues and marginal brain. Strong expression of Zic1 and Zic2 in the marginal brain is indicated by asterisks. Expression of Zic2 in the dorsal VZ/SVZ is indicated by arrowheads. cpe, Choroid plexus; he, cortical hem; ncx, neocortex; lge, lateral ganglionic eminence; nr, neural retina; poa, preoptic area; oe, olfactory epithelium; th, thalamus. D, E, Distribution of the Zic proteins was examined using a pan-Zic antibody in coronal sections of the head at E14.5. Rostral (D) and caudal (E) sections are shown. Zic protein expression in the marginal brain is indicated by asterisks. cpe, Choroid plexus; hip, hippocampus; lge, lateral ganglionic eminence; lv, lateral ventricle; nr, neural retina; sep, septum; th, thalamus; III, third ventricle. F-J, Expression of Nid-1 (F ), Foxc1 (G), Zic1 (H ), Zic2 (I ), and Zic3 (J ) mRNAs in the marginal brain at E16.5. These genes are commonly expressed by the meningeal cells. Zic1 and Zic2 are additionally found to be expressed by the CR cells in the cortical MZ (arrowheads). mng, Meninges; mz, marginal zone. K, Distribution of the Zic proteins (red) and collagen IV (green) in the marginal brain at E16.5. The nuclei of the cells are stained with 4Ј,6-diamidino-2-phenylindole (DAPI) (blue). Zic-positive CR cells in the cortical MZ are indicated by arrowheads. Inset shows cultured meningeal cells from E16.5 brain. The meningeal fibroblasts are intensely positive for Zic (red) and collagen IV (green).
brain were similar to the expression of Nid-1, a gene implicated in the cross-linking of the BM (Mayer et al., 1993) , and of Foxc1, the forkhead/winged helix transcription factor (Kume et al., 1998; Zarbalis et al., 2007) (Fig. 1 F-J ), suggesting that the Zic genes were expressed in the meninges, in addition to the expression of Zic1 and Zic2 in the cells of the cortical MZ ( Fig. 1 H, I , arrowheads). Examination of the distribution of the Zic proteins using a pan-Zic antibody also indicated that Zic proteins were produced in the marginal areas around the brain (Fig. 1 D, E) , and double immunostaining with collagen IV, one of the major components of the BM (Pöschel et al., 2004) , revealed that the Zic proteins were localized in the nuclei in the meningeal cells ( Fig.  1 K) and several other cells in the cortical MZ ( Fig. 1 K, arrowheads). Immunostaining of meningeal cells in culture confirmed that the Zic-expressing cells were meningeal fibroblasts ( Fig. 1 K,  inset) . The expression of the Zic proteins in the meningeal cells continued until adulthood (data not shown).
Next, the identity of the Zic-producing cells in the cortical MZ was investigated. It was shown previously that the Zic genes were abundantly expressed by the progenitors in the VZ and SVZ of the septum and cortical hem (Inoue et al., 2007a) and that these structures are partially defective in Zic2 hypomorphic (Nagai et al., 2000) and Zic1/3 (Inoue et al., 2007a) mutants. Because these regions are proposed as sources of CR cells (Meyer et al., 2002; Takiguchi-Hayashi et al., 2004; Bielle et al., 2005; Yoshida et al., 2006; García-Moreno et al., 2007) , we examined the distributions of the Zic proteins and CR cell markers. For this purpose, the expressions of the Zic proteins were first compared with the expression of nuclear protein p73, which belongs to the p53 family of the tumor-suppressor proteins, known to be selectively expressed by CR cells (Meyer et al., 2002) (Figs. 2, 3 ). At E12.5, generations of CR cells were observed as identified by the high numbers of p73 ϩ cells in the deep VZ of the tenia tecta, septum, and dorsal, ventral, and caudal cortical hem (Meyer et al., 2002; Takiguchi-Hayashi et al., 2004) (Fig. 2 E-G) (supplemental Fig.  1 A-D, arrowheads, available at www.jneurosci.org as supplemental material). Similarly, the progenitors in the tenia tecta, septum, and large region of the hems showed high expression levels of the Zic proteins and mRNAs ( Fig. 2 A-D) (supplemental Fig. 1 E-H, arrowheads, available at www.jneurosci.org as supplemental material) (data not shown). The Zic genes were also abundantly expressed in the Dbx1-expressing septal area but not in the additional source of CR cells, namely, the PSB (supplemental Fig.  1 I-L, available at www.jneurosci.org as supplemental material). Double-immunofluorescence staining for Zic and p73 in these regions showed overlapping expressions of the two proteins (Fig. 2 E-G, arrowheads), suggesting that the CR cells originating in these regions were generated from Zic-expressing progenitors. Later, at E16.5, marked overlapping of p73-expressing nuclei with Zic-expressing nuclei was observed in the dorsal cortical MZs (Fig. 2 H , I-IЉ) , suggesting that the Zic-expressing cells in the cortical MZ were CR cells. Immunofluorescence staining for Zic together with that for the secreted extracellular glycoprotein reelin (Ogawa et al., 1995; Schiffmann et al., 1997; Meyer and Goffinet, 1998 ) and for the calcium-binding protein calretinin (Alcá-ntara et al., 1998; Hevner et al., 2001 ) was also performed to confirm the presence of the Zic proteins in the CR cells. The results revealed marked overlapping of the reelin ϩ CR cells, which showed cytoplasmic distribution of reelin, with the Zic ϩ nuclei (Fig. 2 J-JЉ) , and most of the calretinin ϩ cells in the region were also positive for Zic expression (Fig. 2 K-KЉ) . These observations strongly support the previous observation that the Zic ϩ cells in the cortical MZ were CR cells.
We next estimated the proportions of Zic ϩ CR cells in the total population of CR cells at E16.5, P0, and P6 (Fig. 3) . At E16.5, high numbers of p73 ϩ Zic ϩ CR cells were distributed in the medial to dorsal and rostral to caudal cortical MZ (Fig. 3A-C) , and Ͼ90% of the p73 ϩ CR cells expressed Zic proteins (Fig.  3Ia-Id) (from rostral to caudal, 89.6 Ϯ 3.6, 92.9 Ϯ 6.1, 93.7 Ϯ 7.3, and 98.6 Ϯ 5.8, respectively, n ϭ 3) (Fig. 3I ) . The analysis demonstrated that p73
ϩ Zic-negative (Zic Ϫ ) CR cells were distributed mostly around the lateral and piriform cortex (Fig. 3 D, I ).
Distribution of p73
ϩ Zic ϩ and p73 ϩ Zic Ϫ cells in the MZ was similarly observed at P0 but decreased at P6 and thereafter (Fig.  3 J, L , M, O) (data not shown). The distribution of the reelin ϩ Zic ϩ cells was also consistent with the above observations ( Fig.  3E-H, K, N ) . Examination of Zic protein expression in the homozygous Reln rl-Orl cortex, which lacks functional reelin (de Bergeyck et al., 1997) , at E15.5 and E18.5 showed a normal distribution of the Zic proteins as well as p73, along with mutated reelin, suggesting that functional reelin is not required for the production of Zic in the CR cells (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) (data not shown). Collectively, the above observations demonstrate that the Zic proteins are expressed by the meningeal cells, CR-generating progenitors in two of the major sources of the CR cells, and later in most of the CR cells, except in the lateral and piriform cortex region, during corticogenesis.
Reduction in number and abnormal distribution of CR cells in the cortical MZ of the Zic mutant mice
To know the effects of Zic mutations on the distribution of the CR cells, the numbers and positions of the CR cells were examined in the Zic1/3 double-mutant cortex (Fig. 4) . We first analyzed the distribution of p73 mRNA at E13.0, just after the completion of generation of the CR cells (Fig. 4 A-D) . In the wild type, p73 ϩ CR cells were widely distributed throughout the telencephalon from the rostral to the caudal MZs at E13.0 (Fig. 4 A, B ) (n ϭ 6). However, in the Zic1/3 mutant, two of the sources of CR cells, the septum and dorsal hem, showed slight hypoplasia (Fig. 4C,D , asterisks), consistent with a previous report (Inoue et al., 2007a) , and the number of p73-expressing cells was decreased in the marginal regions contiguous to these sources (Fig. 4C ,D, arrowheads) (n ϭ 5). The hypoplasia and reduction in the number of CR cells were observed in the septal area and in the rostral to intermediate dorsal hem/hippocampal primordium but were not always evident in the more caudal telencephalon (data not shown). When the distribution of CR cells was examined later at E15.5, the reduction in the number of the CR cells in the rostral regions of the cortices seemed milder than that observed at E13.0 but still evident (ϳ40% reduction) compared with that in the wild-type brains (Fig. 4 E-T ) . When examined at higher magnifications, the wild-type embryos showed an almost continuous band of intensely labeled Reelin ϩ , p73 ϩ , and Calretinin ϩ CR cells along the cortical MZ (Fig. 4 I, K ,M-O) (n ϭ 6) whereas, in the Zic1/3 mutant, the CR cells were frequently separated by cell-free areas (Fig. 4 J, L ,R-T, brackets) (n ϭ 5). Although such sparseness of the CR cells was observed in the rostral cortex, no significant differences were observed in the intermediate to caudal cortex between the wild-type and the Zic1/3 mutant animals (Fig. 4 F, H ) (data not shown).
In addition to the number of CR cells, the marginal distribution of the CR cells was also affected in the Zic1/3 mutant (Fig. 5) . p73 ϩ and Reelin ϩ CR cells were abnormally distributed in the upper half of the cortex (Fig. 5G-I ) and hippocampal fields (Fig. 5J ) in the embryos at E15.5 [0.08 Ϯ 0.02 sites per section in control (84 sections derived from six embryos, n ϭ 6); 0.82 Ϯ 0.07 sites per section in Zic1/3 embryos (72 sections, n ϭ 5) for p73 expression; p Ͻ 0.05, t test]. In contrast to the reduction in the number of CR cells observed in the rostral cortex of the Zic1/3 mutants, ectopic CR cells were observed throughout the cortex from E15.5 (Fig. 5G-J ) to E18.5 (data not shown). The chemokine receptor Cxcr4, known to be expressed by CR cells (Stumm et al., 2003) , and its ligand Cxcl12, which is expressed in the meninges, play crucial roles in the marginal distribution of the CR cells (Borrell and Marin 2006; Paredes et al., 2006) . In the Zic1/3 mutant, the marginal expression of Cxcr4 was reduced in the rostral cortex (Fig. 4U ) . Interestingly, the expression of Cxcl12 in the meninges was also dramatically decreased (Fig. 4V, asterisks) , and a reduced expression of Cxcl12 was widely observed around the cortex (Fig. 5 K, L) (data not shown), suggesting that meningeal development was affected in the Zic1/3 mutant (discussed later).
Reduction in the number of p73 ϩ , Reelin ϩ , and Calretinin ϩ CR cells in the dorsal and medial cortex were also observed in the rostral cortex of the Zic2 hypomorphic mutant from E15.5 to E18.5 (n ϭ 7) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) (data not shown), although no reduction in the CR cell number was evident in the caudal cortex in these Zic2 mutants (data not shown). In addition, in the Zic2 mutants, reduced expression of Cxcl12 was widely observed throughout the cortex (supplemental Fig. 3L , asterisks, available at www.jneurosci.org as supplemental material) (data not shown). Overall, the abnormalities of the CR cells in the Zic2 mutants were similar to those in the Zic1/3 mutants.
Loss of the Zic genes results in cortical lamination defects
The finding of the abnormal CR cell distribution in the cortex in the Zic mutants raised the possibility that the altered distribution of CR cells might, in turn, affect the cortical structures. To determine whether a loss or reduced expression of the Zic genes might also affect the cortical layer structures, the expression of Tbr1, which distinguishes layers I, II/III, VI, subplate, and SVZ (Hevner et al., 2001) , was examined at E18.5 (Fig. 6 A-F Examination of other layer-specific markers, such as Fezl, Er81, Ror␤, SCIP, and SorLA, which distinguish emerging layers (II/III, IV, and V), revealed that the expression of each of these genes appeared in the same pial-to-ventricular order in the cortex in both the Zic1/3 and Zic2 mutants (Fig. 6 L-P) (data not shown); these findings indicate that the identity and organization of the cortical layers were not significantly altered in these mutant mice. The Zic mutant cortices did not show a typical Reeler phenotype, which is characterized by a failure of preplate splitting, disorganized cortical plate, and inverted layer structures (Caviness, 1982; Pinto-Lord et al., 1982) . However, in the Zic1/3 cortex at E18.5, the layer-specific markers showed a diffuse distribution and an upper shift of the Fezl-, ER81-, Ror␤-, and SCIP-expressing layer V neurons and reduction in the number of SorLA-expressing layer II/III neurons, especially in the intermediate dorsal cortex (Fig. 6 L-P) , suggesting that neuronal migration was widely affected in the mutants. The results were also supported by quantification of Tbr1-and Rorpositive neurons (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). The positions of the Tbr1-labeled cells in cortical layer VI and Ror-labeled cells in layer IV/V were upper shifted, and the number of later-born neurons in cortical layer II-V were reduced. Changes in the expression of layer-specific markers in the Zic2 mutants were milder than those in the Zic1/3 mutants and were not always evident at E17.5-E18.5 (data not shown).
To directly determine whether the Zic1/3 double mutation might affect cortical lamination and neuronal migration, a quantitative birthdating analysis was performed by labeling the neu- ϩ Zic Ϫ CR cells are represented by red dots. The majority of the p73 ϩ CR cells express Zic proteins, and partial dissociation of Zic and p73 expression is observed in the lateral/piriform cortex at this age. amy, Amygdala; cp, cortical plate; dg, dentate gyrus; hf, hippocampal fissure; hip, hippocampus; lge, lateral ganglionic eminence; mng, meninges; pir, piriform cortex; sep, septum; th, thalamus. rons at E13.5 with BrdU and then examining their final destination in the neocortex at E18.5 (Fig. 6Q) . Most neurons generated at E13 were properly positioned in the cortical plate and subplate (Fig. 6Q, left) . In the Zic1/3 mutant cortex, however, the BrdUpositive cells accumulated broadly in the intermediate zone and the subplate-like layers, in addition to being found in the deeper layers of the cortical plate (Fig. 6Q, right) . These results support the contention that the migration dynamics of the neurons in the cortex is altered in the Zic1/3 mutants.
Lamination defects in the Zic mutants are associated with type II lissencephaly
The disorganization of the rostral cortex in the Zic2 and Zic1/3 mutants could be partly attributable to the changes in the number of CR cells. However, alternative explanations were also sought, because a disorganized cortical structure was observed even in the caudal cortices, in which no significant change in the CR cell number was observed. In addition, the slight reduction of CR cells may not be sufficient to change cortical organization, because a massive reduction of CR cells in the hem-ablated mice (Yoshida et al., 2006) , mice lacking Dbx1-expressing progenitors in the septum and PSB (Bielle et al., 2005) , and p73-deficient mice (Meyer et al., 2004) show anatomically correct neocortical layer. Furthermore, the ectopic distribution of the CR cells itself cannot explain the lamination defects observed in the Zic mutants, considering that the Cxcr4-deficient cortex, which shows marked ectopic localization of the CR cells in the deeper cortical layers (Borrell and Marin, 2006; Paredes et al., 2006) , showed no obvious differences in the cortical layer formation (Lu et al., 2002) . Because Zic proteins are also abundantly expressed by the meningeal cells and the expression of Cxcl12 in the meningeal layer was reduced widely throughout the cortex, we hypothesized that the abnormalities of the meningeal cells may contribute to the cortical disorganization observed in the Zic mutants.
To address this possibility, the cortical marginal structures in the Zic mutants were examined by in situ hybridization for ϩ CR cells contiguous to their sources at E13.0 are indicated by arrowheads in C and D. In the rostral cortex of the Zic1/3 double-mutant mice at E15.5, the MZ has multiple areas lacking in p73 ϩ CR cells (brackets in J and L). CA1, Hippocampal CA1 subfield; hippocampal CA3 subfield; dg, dentate gyrus; dg*, hypoplastic dentate gyrus; dth, dorsal thalamus; dth*, hypoplastic dorsal thalamus; lge, lateral ganglionic eminence; lv, lateral ventricle; mng, meninges; ncx, neocortex; pir, piriform cortex; sep, septum. Math2, a b-HLH gene expressed in the glutamatergic cortical neurons (Schuurmans et al., 2004) (Fig. 7A-L) . Smooth marginal staining for Math2 was observed in the wild-type mice (Fig. 7A -D, I, J), whereas multiple regions of cell invasion into the MZ and subarachnoid space were observed throughout the cortical MZ in both the Zic2 (Fig. 7E-H ) (n ϭ 8) and Zic1/3 ( Fig. 7 K, L) (n ϭ 7) mutants at E17.5. The ectopia in the cortical surfaces of the Zic mutants closely resembled the changes observed in human cobblestone lissencephaly (also known as type II lissencephaly) (Olson and Walsh, 2002) . Staining with anti-neuronal-specific nuclear protein antibody also indicated that neurons were the major constituents of the ectopias (data not shown). Examination of neighboring sections in the Zic2 mutants revealed that Reelin ϩ and Calretinin ϩ CR cells were scarce in the regions of ectopia and extended beyond the MZ (Fig. 7 R, S) . GAD67 ϩ interneurons were also ectopically localized (Fig. 7V ) , and the neuronal layer structures, as revealed by Tbr1 and SCIP expression, were distorted in these regions (Fig. 7T,U ) . These observations suggested that the lamination defects that were widespread in the cortices of the Zic mutants were associated with marginal extrusions of the cortical neurons.
Defective pial BM and altered structure of the radial glial end feet in the Zic mutant neocortex It has been shown that mice lacking BM components or proteins that play significant roles in cell adhesion and adhesiondependent signaling events exhibit abnormal cortical development and focal marginal zone heterotopias (Georges-Labouesse et al., 1998; Graus-Porta et al., 2001; Halfter et al., 2002; Moore et al., 2002; Beggs et al., 2003) . We therefore examined the meninges and pial BM in the Zic mutant mice. Immunofluorescence staining against pan-laminin, a major component of the meninges, revealed a thinner pial BM in the dorsal cortex, with several disruptions in the Zic1/3 mutant at E16.5 (Fig. 8 B, D, arrowheads) (data not shown). Notably, a thinner and disrupted BM was observed in the cortex at all rostrocaudal levels from E15.5 to E18.5 (n ϭ 9), suggesting that there were meningeal defects that might be responsible for abnormal mid-late embryonic cortical development in this mutant. An analysis of the meningeal transcripts quantified by semiquantitative RT-PCR at E15.5 showed reduction of Laminin ␥1, Nid-1, Foxc1, and Perlecan, further supporting the finding of the defective assembly of the BM in the Zic1/3 mutant (Fig. 8 E) (n ϭ 3) . In addition, analysis of the meningeal transcripts confirmed the reduction of Cxcl12 (Fig. 8 E) . Quantification of BrdU-labeled cells and of cells containing the phosphorylated form of histone H3 (PH3) in the meninges showed that the numbers of both BrdU-and PH3-positive proliferating cells in the meninges were significantly reduced, in both the rostral and caudal regions, in the Zic1/3 mutant, at E14.5 and E17.5 (Fig. 8 F-I ), whereas no significant changes in the cell death frequency in the meninges and cortical MZ were observed at these stages (data not shown).
To further confirm that the meningeal fibroblasts of the Zic mutants exhibit altered production and/or organization of the BM components, immunofluorescence staining was performed to identify the expression of laminin in the primary meningeal fibroblast cultures of the wild-type (n ϭ 8) and Zic1/3 mutant (n ϭ 4) (Fig. 8 J-Q) brains. Meningeal fibroblasts from the wild-type mice spread well 8 h after plating (Fig. 8 J) and produced laminin that was arranged in a fibrillar and punctate pattern after 2-3 d in culture (Fig. 8 M, N ) (Beggs et al., 2003) . Phalloidin staining of filamentous actin (F-actin) revealed the presence of stress fibers projecting into arrowshaped focal adhesions (Fig. 8 J, L,N ) . In contrast, fibroblasts In the mutants, the CR cells are widely scattered and found in the cortical plate of the neocortex (G-I ) and deeper positions in the hippocampal CA3 region (J ) (arrowheads). CA1, Hippocampal field CA1; CA3, hippocampal field CA3; cp, cortical plate; dg, dentate gyrus; hf, hippocampal fissure; fm, fimbria; mng, meninges; mz, marginal zone. E, F, K, L, Expression of Cxcl12 in the wild-type mice (E, F ) and Zic1/3 mutants (K, L) in the caudal hippocampus (E, K ) and caudolateral cortex (F, L) at E15.5. E, F, K, and L are neighboring sections of D, C, J, and I, respectively. Reduced expression of Cxcl12 in the meningeal layer of the Zic1/3 mutants is indicated by asterisks in K and L.
from the Zic1/3 mutant were less spread and less proliferative, and 40% of the cells were still round-shaped 8 h after plating (data not shown). The remaining 60% of the cells had begun to spread by this time but lacked the typical focal adhesions and stress fibers (Fig. 8 K) . When the Zic1/3 mutant fibroblasts were cultured over 2 d, they still exhibited less spreading compared with the cells from the wild-type mice but formed focal adhesions and F-actin stress fibers (Fig.  8O,Q) . Notably, the mutant meningeal fibroblasts showed a reduction in expression of punctate and fibrillar laminin at the cell periphery, although the overall expression level of laminin seemed to be comparable with that in the wild-type embryos (Fig. 8 P, Q) .
It has been demonstrated that the extending processes from the radial glial cells contact the BM at the pial surface and serve as structures guiding migrating neurons from their place of birth in the VZ/SVZ toward their final position in the CP (Rakic, 2003) . It has also been suggested that proper anchorage of the end feet of the radial glial cells is dependent on the presence of an intact BM and a functioning cell adhesion system (Hartmann et al., 1998; Graus-Porta et al., 2001; Beggs et al., 2003; Niewmierzycka et al., 2005) . Therefore, the morphologies of the radial glial processes and their end feet in the Zic mutant cortex were examined by immunofluorescence staining for nestin at E17.5. In the control Zic1 Ϫ/Ϫ cortex, nestin immunoreactivity was seen in the radial glial end feet as a continuous band underlying the pial membrane, terminating in well defined end feet at the pial surface (Fig. 9A-D) . However, in the Zic1/3 mutant, the nestin-positive band was interrupted in the regions of cortical ectopia (Fig. 9E, asterisks) . Double staining with laminin and nestin revealed that, in the regions of cortical ectopia, the lamininpositive meninges were disrupted, and the nestin-positive radial glial processes showed no contact with the pial surface or retracted from the cortical surface (Fig. 9E-H ) . Occasionally, some of the radial glial processes aberrantly extended into the middle of an ectopic outgrowth (Fig. 8 E,  arrow) . Nestin staining also revealed that, even in the cortical marginal areas without marked ectopias in the Zic1/3 mutant, the continuous band of nestin-positive radial glial end feet was thinner in most regions of the dorsal cortex (Fig. 8 M, N,P) . The altered nestin staining may be correlated with the broad thinning and disruptions of the laminin-positive BM overlying the cerebral cortex (Fig. 8O) . In the wild type, Tbr1 is expressed in layer VI, the subplate, and the SVZ at this stage. In the Zic2 kd/kd and Zic1/3 mutants, the Tbr1 expression is disorganized and diffuse (arrowheads), suggesting the existence of cortical lamination defects in these mutants. lge, Lateral ganglionic eminence; lv, lateral ventricle; mz, marginal zones; ncx, neocortex; sp, subplate; th, thalamus; VI, layer VI. G-P, Expression of cortical-layer specific genes in the Zic1/3 mutant neocortex. 
Discussion
Expression of Zic genes in the CR cells and its distinct spatial origins CR cells are transient early-born preplate neurons that are localized selectively in the outer MZ during development of the cortical plate (Marin-Padilla, 1998; Super et al., 1998; Meyer et al., 1999) . The present study showed that Zic is expressed in the CR cells during the period of generation of the cortical layer structure. In the embryonic and perinatal MZs, the majority of the p73 ϩ , reelin ϩ CR neurons in the cortical MZ and hippocampus produced Zic proteins. The postnatal decrease of neocortical Zicexpressing cells is also consistent with the known temporal distribution of the CR cells (Alcántara et al., 1998; Zecevic and Rakic, 2001 ). Recently, Bielle et al. (2005) demonstrated that the CR cells that migrate into the rostromedial and lateral cortex arise from Dbx1-expressing progenitors in or near the septum and the PSB. Because most of the non-Zic-producing CR cells were distributed in the piriform and lateral cortex, a proportion of these cells may originate from the PSB. This idea is also supported by the finding that the CR cells generated in the hem and septum arise from the Zic-expressing progenitor zones and that virtually all the CR cells near these regions express Zic. Future experiments using genetic tracing will be required to determine the onset of appearance, final destinations, and molecular identity of the Zicexpressing CR cells.
Both Zic2 and Zic1/3 mutants show hypoplastic development of the septum and hem structures, and these defects have been shown to appear both during and after the CR cell production period (Inoue at al., 2007a) . Because no significant changes were observed in the frequency of cell death in the cortical MZ from E12 to E18, the reduced number of CR cells in the rostral cortex in these Zic mutants would be caused by the smaller septal and hem progenitor zones, which might have produced lower numbers of CR cells. These ideas are supported by the observation that the number of CR cells was reduced near their sources, the hem and septum. However, we cannot fully exclude the slight contribution of cell death to the reduction in the number of CR cells, because meningeal loss of the Zic genes could indirectly influence their survival. Previous observations suggest that the selective degeneration of meningeal cells leads to secondary degeneration of the CR cells (Super et al., 1997) , which indicates that meningeal cells may synthesize and secrete trophic factors for the CR cells, such as Bdnf, Nt-4, and Cxcl12 (Brunstrom et al., 1997; Ringstedt et al., 1998; Stumm et al., 2003; Alcántara et al., 2005) .
The ectopic CR cells can be considered in the light of the result that the amount of the Cxcl12 transcript was severely reduced in the Zic mutant meninges. It has been shown recently that meningeal Cxcl12 controls the marginal distribution of the hemderived Cxcr4-expressing CR cells and that the absence of Cxcr4 function results in derailment of the CR cells from a subpial position down to the CP (Borrell and Marin, 2006; Paredes et al., 2006) . These studies also suggest that the integrity of the meninges is critical for the initial spread of the CR cells along the cortical surface and also for their subsequent marginal distribution. In the Zic1/3 mutant, the initial marginal spread of the CR cells and their meningeal organization was normal until E14.5 (data not shown), and the ectopic CR cells and reduction of Cxcl12 transcripts were noted only after E15.5. Because the ectopic distribution of the CR cells in the Zic mutants was similar to that in the Cxcr4 mutants, we can speculate that the CR cell mislocalization in the Zic mutants may be caused in part by reduced secretion of Cxcl12 by the meningeal cells, or more broadly, by reduced Cxcl12/Cxcr4 signaling. Fibroblasts from the Zic1/3 mutants spread less well and showed less proliferative activity (K ). Fibrillar and punctate laminin is observed at the periphery in the wild-type meningeal fibroblasts (arrowheads in M, N ), whereas it is absent from the meningeal fibroblasts of the Zic1/3 mutants (open arrowheads in P, Q). cp, Cortical plate; dg, dentate gyrus; lge, lateral ganglionic eminence; lv, lateral ventricle; mng, meninges; mz, marginal zone of the cerebral cortex; ncx, neocortex; th, thalamus; vz, ventricular zone; wt, wild type. Ϫ/Ϫ show a smooth layer of basal lamina-associated laminin at the surface of the brain, as well as a basal lamina surrounding the blood vessels. In contrast, in the Zic1/3 mutant, the laminin layer at the surface of the brain is thinner compared with that in the Zic1 Ϫ/Ϫ sections. C and D are high-magnification views of the indicated areas in A and B, respectively. E, Analysis for transcripts of the meningeal BM components and secreted factor. RT-PCR for Laminin ␥1, Nid-1, Foxc1, Perlecan, and Cxcl12; GAPDH served as the internal control. Analysis was performed on cDNAs prepared from the meninges of wild-type (n ϭ 6), Zic1 Ϫ/Ϫ (n ϭ 3), Zic3 Bn/Y (n ϭ 4), and Zic1/3 (Zic1 Ϫ/Ϫ Zic3 Bn/Y ) (n ϭ 3) mutants at E15.5. F, G, Decreased numbers of BrdU-and PH3-labeled proliferating meningeal cells in the Zic1/3 double-mutant mice. Proliferating meningeal cells in the S-phase were pulse labeled with BrdU for 1 h at E15.5. Immunohistochemical analysis showed decreased numbers of BrdU-labeled (green) and PH3-labeled (red) cells in the meningeal layer in the Zic1/3 mutants compared with those in the meningeal layer of the wild-type mice. The sections were counterstained with DAPI (blue). Comparable rostral areas in the Zic1/3 mutant and wild-type brains are shown. Insets are high-magnification views of the indicated areas. H, I, Quantification of the number of BrdU-labeled (H ) and PH3-labeled (I ) cells in the meningeal layers. BrdU-and PH3-labeled cells in the rostral and caudal regions were counted in the wild-type, Zic1 Ϫ/Ϫ , and Zic1/3 mutant mice at E14.5 and E17.5. BrdU-and PH3-labeled meningeal cells were significantly decreased in the Zic1/3 mutants compared with those in the wild-type and Zic1 Ϫ/Ϫ mice. The results are shown as the mean number of multiple comparable sections with SDs. *p Ͻ 0.05; **p Ͻ 0.01 by t test. J-Q, Primary
Zic genes are required for the proliferation of meningeal fibroblasts and formation of the BM Although Zic genes are unique in that they are expressed in both CR cells and meningeal cells during cortical development, the present analysis of the cortical phenotypes of the Zic mutants indicated the functional importance of the Zic genes expressed in the latter cells. Zic genes are abundantly produced by the meningeal cells, and the proliferation of meningeal cells was shown to be reduced in Zic1/3 mutants. These findings suggest that the Zic genes are involved in the expansion of the meningeal fibroblasts. Although the changes in the cell proliferation or laminin staining were not clear in the Zic2 mutants, it is still possible that Zic2 may have a role in the proliferation of the meningeal cells. Because the Zic2 hypomorphic mutant allele still produces intact proteins at the level of 20% of that in the wild type (Nagai et al., 2000) , and the involvement in the cell proliferation has been reported in developing cerebella (Aruga et al., 2002a) . Regulation of the cell cycle of the meningeal cells may also be affected by inhibiting their exit from the cell cycle, which is suggested for neural progenitors in the embryonic septum and hippocampus (Inoue et al., 2007a) , cerebellum (Aruga et al., 2002a) and spinal cord (Aruga et al., 2002b) . Zic may expand the cell population of the meningeal cells during massive increase in the cortical size.
The disturbed cell properties of the meningeal cells was a remarkable phenotype that appeared to be shared by the Zic1/3 and Zic2 mutant mice. Both mutants showed reduced Cxcl12 expression, and the Zic1/3 mutants showed reduced expression levels of the BM components and altered laminin organization in the cultured meningeal fibroblasts. These results indicate that the three Zic genes are critical not only for proliferation but also for maintaining the differentiated properties of the meningeal fibroblasts. Notably, reduction in punctate and fibrillar laminin in the cell periphery in the meningeal fibroblasts in the Zic1/3 mutants was closely similar to the phenotype in meningeal cultures of focal adhesion kinase (FAK) (Beggs et al., 2003) and EF65/EF65L1 (Guenette et al., 2006) mutants, both of which are associated with a cobblestone cortex. Because these proteins have also been indicated to be essential for cell adhesion and BM assembly, it would be tempting to speculate that some secretory factors and BM components essential for the functions of meningeal cells are possible downstream targets of transcriptional regulation by the Zic proteins.
Expression of the Zic genes in the meningeal fibroblasts are not limited to the cortical area but is widely observed in other parts of the CNS as well, such as the cerebellum and spinal cord (T. Inoue, M. Ogawa, and J. Aruga, unpublished observation) . In this regard, Zic expression may represent a common property of meningeal cells. A recent study showed that human ZIC1 is upregulated in desmoid tumors and fibroproliferative disorders (Pourebrahim et al., 2007) , raising the possibility that the role of the Zic proteins in fibroblast proliferation is not limited to the meningeal fibroblasts.
The role of Zic genes in corticogenesis
Because Zic1 and Zic3 are not significantly expressed in the cortical VZ, radial glia, and cortical neurons, lamination defects in the Zic1/3 mutant cortices may primarily reflect the defective properties of the meningeal cells. Meningeal fibroblasts secrete components of the BM, which then bind to receptors on the radial glial end feet of the glia limitans to assemble a functioning BM (Sievers et al., 1994; Shearer and Fawcett, 2001; Beggs et al., 2003; Niewmierzycka et al., 2005) . Indeed, we found thin sheets brain, radial glia showed a parallel arrangement of fibers that terminated in well defined end feet at the pial surface (A). In the Zic1/3 mutants, absence of the nestin-immunoreactive radial glial end feet (asterisks in E) was associated with breakdown of the surface laminin (asterisks in F ) and neuronal ectopias (arrowheads in G). In the mutant brains, the radial glial end feet were occasionally found to be detached from the pial surface in the regions of the ectopias. These defects were seen scattered throughout the cortical MZ. I, M, Immunofluorescence staining for nestin in the dorsal cortex of the wild-type (I ) and Zic1/3 (M ) mice at E17.5. The sections were counterstained with DAPI (blue). The locations of the neuronal ectopias are shown in white arrowheads, and the thinner continuous band of nestin-positive radial glial end feet is indicated by asterisks in M. The locations indicated in J-L and N-P are indicated by white brackets in I and M, respectively. J-L, N-P, Higher magnification of the indicated areas in I and M. Immunofluorescence staining for nestin (J, N ) and laminin (K, O) in the wild-type (J-L) and Zic1/3 mutant (N-P) mice. L and P are merged images of J,K and N,O, respectively. The sections were counterstained with DAPI (blue). The thinner continuous band of nestin-positive radial glial end feet in the Zic1/3 mutants is indicated by a dashed line in N.
